Abstract -This paper deals with different active filtering strategies and digital techniques that can be applied to their implementation. The central idea is based on an alternative method to evaluate the disturbing voltage and current components through selective decompositions. Those decompositions, applied directly on voltage and current signals, are used to identify the distorting, unbalancing and non-active components and can be used to compensate either non-active power, power oscillations, harmonics and asymmetries in a different way as provided by the well known pq Theory. Four compensation strategies are discussed and compared for solving typical power quality problems. Simulation and experimental results illustrate the main differences among them, when facing non-linear, unsymmetrical and variable loads under generic voltage conditions. According to these results, a shunt active filtering is even capable to improve the PCC voltages under critical conditions or can allow full compensation of a set of chosen harmonics, even if the active filter has limited bandwidth.
Introduction
Several researches concerning active filtering have been carried out in the last twenty years. Most of them directed to the active filters topologies [1] , their compensation strategies [2] [3] [4] [5] [6] [7] [8] [9] and the corresponding voltage and current controllers [10] .
Regarding to the topologies, among several active structures, the shunt active power filter has been the most useful power conditioner. This can be easily explained based on its simple scheme and the vast sort of compensation strategies that can be implemented using the same equipment. Such filter is able to compensate most of power quality problems related to current deterioration, such as waveform distortion, unbalances, non-active or reactive currents, power factor, etc.
Concerning with the compensation strategies, many authors have been working on the issue of proposing new control methods in order to improve the active filter compensation results or even to simplify its implementation. The most focused methods are based on the pq Theory or any of its adaptations [2] , but it is very important to point out that there are many other alternatives, which can be, theoretically, even more flexible than the previous one and can make easier the understanding of instantaneous power components and the potential of power quality conditioning [11] [12] [13] [14] [15] [16] [17] .
So, the first goal of this paper is to present a sequential decomposition procedure to be applied on measured voltages and currents, in order to identify, selectively, the ideal balanced and sinusoidal voltages and the in-phase sinusoidal currents of the power system (and consequently, different disturbance signals). These decompositions are symbolically shown in Fig.1 . Accordingly, several alternative control methods for active filtering or power conditioning can also be drawn from this methodology.
Moreover, the compensation based on such methodology is quite flexible, since the decompositions enable the selective identification and elimination of the disturbing effects. As presented in [13] , this methodology can be considered a combination of Fortescue's and Fryze's classic theories, along with the use of instantaneous vector algebra concepts. It can be used to formulate an instantaneous power theory under generic conditions and it can also be applied to power quality monitoring. In this work, the decompositions will be used to calculate the active filter control variables, independent of periodicity, distortions, unbalances, number of phases and the presence of neutral wire.
Since the correct choice of the compensation strategy is one of the most important requirements for power quality improvement [3, 7] , section 4 presents various considerations about positive and negative aspects of some techniques to control active filters, particularly shunt filters, in order to compensate non-active power components, harmonics, unbalances, active power oscillations, power factor, etc.
The strategies have been explored are the Sinusoidal Source Current Method, which ensures that the loads drain only sinusoidal and balanced currents from the power grid; the Resistive Load Synthesis Method, which makes the power system to "sense" the non-linear loads as a pure resistive balanced load, independently of the utility voltages; and the Selective Harmonic Compensation Method, which can be designed to compensate just the more significant load's harmonic frequencies, ensuring reduced power converters and better control and dynamic behavior to the active filters.
Simulation and experimental results with a 5,5kVA prototype validate the theoretical discussions and demonstrate the relevance of the proposed selective identification method and the correct choice of the compensation strategy for each specific power quality problem.
Sequential Decompositions and Selective Disturbance Identification Method
As suggested in Fig. 1 , three main signal decompositions can be used in order to obtain the ideal voltage and current components in the sense of pure and clean power delivering and consumption.
The first decomposition is necessary to separate the fundamental frequency (50/60Hz) from all other distorting components, which are imposed by non-linear loads and switching devices. The second decomposition is necessary to identify the positive sequence comprising the fundamental voltages and currents, in order to quantify the unbalancing components, responsible for power oscillations at the fundamental frequency. The third decomposition is necessary to separate the active and reactive currents of the fundamental, balanced components, in order to evaluate the demand for active or non-active power. A simplified diagram of such procedure is depicted in Fig. 2 .
From the power quality point of view, if the proposed decompositions are able to identify the ideal voltage and current components, they are even able (by simple arithmetical expressions) to determine the voltage and current parcels responsible for power disturbing effects. Consequently, it is possible to identify the main
power quality deterioration causes and to develop methods and techniques to improve the power quality requirements demanded by sensitive costumers or to provide minimum losses.
Next sections describe each decomposition procedure for a generic system with non-sinusoidal and unbalanced voltages feeding a generic non-resistive load. For simplicity, the voltage and current variables are assigned as instantaneous multidimensional vectors (v e i), and represented in this text by bold variables as follows:
(1)
A. Fundamental Wave Identification -1 st Decomposition
The first decomposition breaks the measured signals (v and i), into their fundamental components (v 1 and i 1 ) and residual signals (v res and i res ), which correspond to the voltages and currents waveform distortions (harmonics and inter-harmonics).
The resulting residual components can be used in different ways. For example, they could be used to monitor the Total Harmonic Distortion (THD) as proposed in [18] , or as the reference signal of an active filter in order to compensate just the voltage or current waveform distortion. Regarding the harmonic elimination, an interesting solution for selective harmonic compensation is also discussed further in this paper.
B. Positive Sequence Identification -2 nd Decomposition
The second decomposition provides the identification of the fundamental voltages and currents unbalances. Starting from the identified instantaneous fundamental vectors (v 1 and i 1 ), which may be unbalanced, the second decomposition realizes the calculation of the instantaneous positive sequence components:
The difference between the voltages and currents from (1) and (3) correspond to the distortion and unbalance parcels of v and i, and hence, this difference could be considered as a correction signal for active filters with the purpose of eliminating both harmonics and unbalancing effects of the system. This should reduce losses and oscillating effects, besides increasing the installation power factor [19] . Accordingly, the ideal compensation of voltages at the Point of Common Coupling (PCC) could utilize the instantaneous disturbing voltages represented by:
On the other hand, if one needs to compensate only the fundamental unbalance, the difference between (3) and the fundamental waves (2) after the first decomposition (v 1 and i 1 ) could be used as the error signals to be eliminated.
C. Lagrange Multiplier -3 rd Decomposition
A third decomposition is necessary to identify the parcel of the instantaneous fundamental current, which is proportional to the balanced sinusoidal voltages, thus representing the current fed to a pure resistive load, supplied by the sinusoidal and balanced voltages + 1 v . The method used in this decomposition is based on the Lagrange Multiplier or Orthogonal Decomposition [11] [12] [13] 23 ]. The ideal current parcel is defined as the positive sequence fundamental active current and it is expressed by means of the instantaneous vector:
, (5) where
In the same way of definition (4), the difference between the instantaneous measured currents (1) and the evaluated ideal currents (5) defines the disturbing currents i d , which are responsible for waveform distortions, phase current unbalances and also for the non-active power, which does not contribute to the unidirectional power exchange between power supplies and loads, which means that it does not realize useful work [11, 13, 15 ]. The disturbing current vector i d can be represented by:
D. Selective Identification Principle
The proposed selective identification methodology is based on using the discussed decompositions either sequentially, as described above, or combining the Lagrange Multiplier in different positions, as depicted in Fig. 3 . Thus, it is possible to evaluate ideal or disturbing voltage and current components and subsequently, to define the desired compensation or monitoring reference signals. The following index notation should be applied: It is also important to stress that each of the mentioned decompositions, particularly the first two, can be implemented in different ways when using digital processing techniques. This will be detailed in the next section.
Digital Implementation Techniques
In the last few years, the authors have been investigating different digital implementations for each of the idealized decompositions and depending on the chosen digital technique, the results can be quite different. This is especially important to dynamical analysis and steady state errors evaluation. Moreover, depending on the digital system (DSP, FPGA, fixedpoint, floating-point, etc), one or another method may not ensure the decomposition's desired performance.
A. 1 st Decomposition
The first decomposition could be implemented for example in two different ways:
1) Using an IIR notch filter -band-pass algorithm:
As proposed in [18] , an Infinite Impulse Response (IIR) notch filter can be used as in diagram of Fig. 4 , in order to evaluate the fundamental and residual components of a generic waveform. The very narrowband filter response may ensure a good filtering performance, however, some attention must be directed to the cases of fundamental frequency variations, as well as when using fixed-point digital implementations.
The former point should be solved by means of some sort of adaptative IIR implementation, while the latter case requires, e.g., unusual solutions like Delta Operator's discretization procedure [20] . 
2) Using a FIR band-pass filter -DCT filter:
An alternative to implement the first decomposition is to use a Finite Impulse Response (FIR) filter by means of a Discrete Cosine Transform (DCT) algorithm [24] . The basic equation to a DCT filter is shown in (7) and it could be implemented using circular buffers:
where i is the sampling counter and N the number of samples per fundamental cycle.
As the previous IIR filter, the DCT is also sensitive to frequency deviations and one solution in this case, could be use a Phase Locked Loop (PLL) system to adjust the sampling frequency in order to ensure that N is always the same. Other solutions are based on adaptative FIR filters [20] . Anyway, it is important to notice that this solution is quite better concerning to fixed-point implementations than those using IIR filters, at the cost of a relatively more complex computational implementation.
B. 2 nd Decomposition
The positive sequence identification can also be done in different ways, but basically, the first decomposition is also required.
1) Instantaneous Fortescue application:
As proposed in [13] , the Fortescue's transformation can be implemented in time domain. Assuming 3-phase voltages of sequence abc, then the angular shifting operator Note that the voltages sum up at different time instants. To be strictly valid, this requires steady state conditions. But due to the use of the notch filter, the fundamental voltage resulting from the first decomposition, presents slow transient response, thus permitting to realize the sum (8.b) by making the following substitution:
so, only past values may be used to obtain the positive sequence of the slowly changing fundamental voltages. The dynamic response in this case is certainly defined by the fundamental component evaluation.
2) Modified DCT filter:
It is also possible to use a modified DCT, in order to get the positive sequence components [20] . In this case the transient response of the positive sequence detector is exactly one fundamental cycle.
3) Positive sequence detector using PLL:
Using a digital PLL algorithm to ensure fundamental frequency tracking and a moving average filter to calculate the correct amplitude of the instantaneous positive sequence, the authors have proposed a novel positive sequence detector [22] . It is not based on the Fortescue's definitions, but exactly matches its stead state results. Diagram of Fig. 5 illustrate the proposed algorithm. The dynamic response in this case is also limited in one fundamental cycle. 
C. Selective Harmonic Identification
As previously mentioned, the first decomposition is responsible to identify the residual or distorting components of voltage or current signals, which could be used to harmonic compensation by means of an active filter. Indeed, recent works [5, 8, 9] have pointed out the advantages of selective harmonic compensation, which does not force the active filter to eliminate all the distorting components (v res and i res ), but only the more significant ones. This ensures reduced power converter requirements, lower switching frequencies, without harming the harmonic compensation. This strategy is implemented by means of repetitive controller (Fig. 6 ) and the desired harmonics to be eliminated are selected using the DCT discrete filter [9] :
where N h is the set of selected harmonic frequencies (h). 
Compensation Strategies: Advantages and Disadvantages
Among several possible compensation methods based on the described decompositions and digital techniques, four strategies are discussed to demonstrate that the same shunt active filter leads to different results using one or other method and all of them can present positive and negative aspects depending on the utility voltage conditions and the specific power quality problem to be eliminated.
1) SSC method -sinusoidal source current synthesis:
As proposed in [6] , when using this strategy, the currents drawn from the power system assume sinusoidal and balanced waveforms, independently of the PCC voltage waveforms. To provide balanced currents, storage elements are required.
By using the selective identification method, the reference signals for an active filter are provided in a different way that was originally proposed. Here the disturbing currents (i d ) are evaluated applying sequentially the three decompositions (6), according to Fig. 2 .
From the point of view of current deterioration, this technique is very attractive, but concerning power quality purposes, the utilization of this method may be controversial, since imposing sinusoidal and symmetrical currents with generic voltages may give raise to oscillatory power transfer.
2) RLS method -resistive load synthesis:
The second strategy uses similar concepts of the Orthogonal Theory presented by Fryze and generalized in [11] [12] [13] , in order to calculate the active filter control reference signals. This technique imposes balanced currents, which are proportional to the measured voltages at the PCC, resulting a resistive load, even if the voltages present distortion and small imbalances. Such strategy is named unit-power factor control in [3] .
As proposed in [4] , this strategy is based on applying directly the third decomposition on the measured voltages and currents (see Fig. 3 ). However, the authors point out some difficulty of finding a simple and fast treatment to provide the instantaneous active current, while maintaining the total power balance. Thus a slow varying current proportionality factor (average conductance) was used, originated from the average active power balance at the compensator DC link.
3) VRLS method -variable resistive load synthesis:
Based on the previous strategy, this techniques uses only the third decomposition (Instantaneous Lagrange Multiplier) to emulate an instantaneous proportionality factor (conductance) based on the PCC voltages [7] . Thus, proportional currents (active) are calculated using the ratio between the instantaneous three-phase power and the instantaneous voltage norm, as described in [11, 13] . Considering that this ratio may vary instantaneously, the proportional current i p is variable; which means that the control synthesizes a variable resistive load.
Since this strategy is based on an instantaneous mathematical function, its dynamic response is very fast. In addition, it can be applied to systems with any voltage and current deterioration. An active filter using this strategy does not need storage elements to maximize the power factor and reduce the system losses, however, it is not able to provide the currents balance in the same way as the previous strategy [7] .
4) SHC Method -selective harmonic compensation:
As recently proposed [8, 9] , selective harmonic compensation reduces active filter's rating, since the compensation capability is only used to eliminate the desired harmonic components and could be used to ensure that individual or total harmonic current distortion of a specific load does not exceed pre-defined recommended limits.
The selective harmonic compensation method explored in this paper is detailed in [9] . It uses the measurement of line currents and a repetitive-based control technique to achieve a very precise reference tracking in the presence of periodic distortion (see Fig.  6 ). In order to achieve compensation of only the selected frequencies and to provide a leading-phase needed for improving the stability margin, a modified scheme using DFT (Discrete Fourier Transform) based filters, is used. A PLL system is applied to provide frequency deviation immunity for such digital band-pass filters. Figure 7 illustrates the active filter scheme using such strategy.
Simulation Results
The power system used in the simulations is shown in Fig. 8 . The SSC and RLS strategies were compared, considering two different conditions at a general PCC.
The shunt active filter was connected in order to compensate the non-linear behavior of the load side, represented by a three-phase inductive linear load, operating in parallel with three-phase and single-phase diode rectifiers. Particularly in the first two simulations, an additional three-phase rectifier was connected to the power grid with a delay of 100ms for comparing the dynamic response of the active filters.
A. Test Case 1
In the first case, the utility voltages present 3% of 7 th harmonics and 4% voltage reduction of phases b and c. Fig. 9 represents the PCC compensation based on the SSC method, using the instantaneous decompositions to eliminate the global disturbing currents (i d ).
After compensation, the PCC currents are sinusoidal and balanced and the power factor results near unity. When the second rectifier is connected, it is also possible to notice the fast dynamic response of this strategy, which in this case was implemented by means of the DCT filter (first decomposition), the instantaneous Fortescue's transformation (second decomposition) and the Lagrange Multiplier. Such technique is very efficient for harmonic, unbalanced and non-active currents compensation, even when the PCC voltages are distorted and/or unsymmetrical. Nevertheless, since the voltages and currents have different frequency compositions, the active power may be oscillatory and there is no damping effects related to any possible system resonance.
For the same case, Fig. 10 presents the PCC compensation using the RLS method (directly applying the Lagrange Multiplier). Since the source voltages are rather sinusoidal and balanced, the compensated currents are almost balanced and proportional to the voltages and the power factor is also increased to unity. 
B. Test Case 2
In the second case, a three-phase linear inductive load with a power factor correction capacitor in parallel, were connected between the active filter PCC and the power source sides. This case represents a very common situation in distribution systems, especially in industrial utilities.
The capacitor value (145uF) was intentionally chosen in order to create a resonance frequency along with the line impedances (1mH) at the 7 th harmonic, which is present in the source voltages and also in the PCC load currents. This situation was simulated in order to demonstrate the different effects of each type of filter control strategy in such resonant condition.
In order to show that the source voltages were distorted by the passive resonance even without the PCC's loads, these were connected just 20ms after the simulation beginning. Notice in Fig. 11 (SSC method) that when the non-linear loads were connected, a small increase in the resonance effect is observed due to the rectifiers behavior. Fig. 11 shows the compensation results using the Modified SSC method for this case. After compensation, the current waveforms are sinusoidal and balanced and the power factor is improved near to unity. However, this strategy does not provide any damping to the voltage distortion. This is because the pure sinusoidal currents, imposed in the presence of disturbed voltages, force the system to sense the load exclusively at the fundamental frequency. At other frequencies the load behaves as infinite impedance, since no current will flow at these frequencies. In the very common case of power factor capacitors connection near the active filter, at least one resonant frequency will be defined. Thus the lack of damping of this frequency may lead to a dangerous condition concerning PCC voltage resonance.
From Fig. 12 it is possible to observe that if the active filter using the RLS method is inserted ( at 50ms ), the resistive load emulation is capable to improve the However, if the standard limits to the current distortion (THD) were used as charging factors by the utilities, this technique could lead to penalty charges to the consumers if the voltage deterioration were significant.
The previous results show that it is very important to analyze those differences and to decide when to use one or another technique to solve a general or a specific power quality problem, since it is clearly impossible to achieve all advantages of each strategy in a single shunt active filter. Moreover, the flexibility of selective compensation may be very attractive for power conditioners development, since it enables easy changes from one to another compensation strategy. 
Experimental Results
In order to validate the previous discussions, next experimental results were obtained using a 5.5kVA converter, a fixed-point DSP-based system (ADMC401) and a Hall effect sensor board (LV25P and LA55P/SP1). Table I shows the parameters used in the practical implementation.
The first verification was done on the harmonic compensation of an uncontrolled rectifier. Using the SSC Method and a PI current control, Fig. 13 shows the phase voltage, source i S and load i L currents, respectively. The spectra of the line currents are also reported. Note that there is a small attenuation of the load harmonics. This is mainly due to the delay of the digital current control, which deteriorates the performance of the SSC strategy. This shows that, it is not always possible to achieve the theoretical expectations in practical implementations. In this condition, the load current THD is 24.9%, while the source current THD using the SSC with PI control is reduced to 12.3%, which is still significantly high. In such case, the SSC was implemented using the novel Positive Sequence Detector and the Lagrange Multiplier.
As a comparison, we have tested the proposed SHC control in the same conditions and the results are reported in Fig. 14 . The compensation of all odd harmonics up to the 29 th harmonic was imposed and it is possible to note an improvement in the line current waveforms. Looking at the spectrum of line currents in this condition, it is possible to note that all selected frequencies have been well compensated, as theoretically foreseen. So, the THD is reduced to less than 2%, which attends most of international recommendations and standards.
The resulting current waveform in this former case will be much more sinusoidal than using directly the SSC method with PI current controller, but in this case using all the advantages of the selective harmonic compensation method.
Conclusion
This paper has discussed diverse compensation strategies and digital processing techniques for practical implementations. Moreover, an alternative methodology to generate the active filter references is presented.
Such method allows identifying selectively the disturbing components of voltage and current signals and the most attractive feature of such approach is the capability to explore the compensation of specific disturbing effects, thus concentrating the application to the local necessity or economical viability.
Advantages and disadvantages of four control strategies were also discussed focusing power quality issues.
In addition, in order to validate the theoretical expectations, simulation and experimental results have demonstrated how important is the correct choice of the compensation strategy and how the applied digital algorithms can affect the active filter's dynamical and steady state performance. (b) Spectrum of the compensated source currents (10dB/div -250Hz/div).
Fig. 14 -Active filter using SHC and repetitive control.
